Strenuous exercise leads to an increase in metabolic rate, increased production of reactive oxygen species, and compromised antioxidant defense systems. To study the effects of oxidative stress during strenuous exercise, a homogeneous group of 31 male subjects participated in a 6-month, 5 days͞week training schedule involving two extreme marches of 50 km and 80 km at sea level, separated by 2 weeks of regular training. Each participant carried 35 kg of extra weight. Blood samples were drawn imediately before and after each march. Twenty-nine subjects completed the 50-km march, and only 16 completed the 80-km march. Plasma levels of reduced ascorbic acid, total ascorbate, and dehydroascorbate did not undergo significant changes during either march. However, the 50-and 80-km marches led to 25% and 37% increases, respectively, in plasma levels of uric acid; due presumably to increases in the metabolic rate and consequent pyrimidine nucleotide metabolism. Both marches led to Ϸ10-fold increase leakage of creatine phosphokinase into the plasma. Likewise, plasma levels of aspartate transaminase, a characteristic marker of liver injury, increased Ϸ4-fold. Plasma levels of bilirubin, creatine, urea, and glucose also increased. Plasma protein carbonyl content, a marker of protein oxidative damage, decreased significantly during each march. These results are discussed with respect to the consideration that elevation of the respiration rate during exercise leads to production of more reactive oxygen species than the antioxidant systems can scavenge. Plausible explanations for leakage of molecules into the plasma are discussed.
B
ody oxygen uptake is greatly increased during intense exercise (1, 2) . Muscles oxygen utilization during strenuous exercise can increase as much as 100-200 times than at rest (3, 4) . Consequently, increased electron flux through the rapidly respiring mitochondria in the active muscle may lead to an enhancement of electron leakage and consequent reactive oxygen species (ROS) production.
ROS may be generated during and after physical exercise in working muscles, and in the tissues that undergo ischemiareperfusion (4) (5) (6) (7) (8) . It is estimated that 2-5% of the total electron flux leaks to form primary short-lived ROS such as superoxide radical anion (⅐O 2 Ϫ ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radical (⅐OH) (9) . Sources of ROS during exercise include enhanced purine oxidation, damage to iron-containing proteins, disruption of Ca 2ϩ homeostasis (10) , and flow-induced endothelium ROS production (11) . Neutrophil activation infiltrating the muscle after injury by exercise may also produce ROS (12) . ROS may cause oxidative tissue damage (13) , e.g., DNA injury (14) , lipid peroxidation (15) and protein oxidation (16) (17) (18) . These processes are associated with the appearance of and increase in the severity of many diseases (19, 20) .
The antioxidant defense system against ROS consists of enzymes and of low molecular weight antioxidants (LMWA), such as ascorbic acid (AA). LMWA easily penetrate into cells and accumulate in specific locations near targets of ROS attack. They are disipated during their reaction with various ROS and can be replenished through the diet (21) . Previous studies claim that in human, as in other species subjected to unusual physical activity, an imbalance may occur between free radical production and antioxidant levels leading to oxidative stress (22) (23) (24) (25) . This stress may produce metabolic alterations and affect physical performance (26, 27) . Some studies, however, reject this assertion (28, 29) .
If the production of free radicals is excessive as observed during strenuous aerobic exercise (8, 30) or if the antioxidant defense mechanisms are impaired, the balance between prooxidants and antioxidants is lost. Thus, there is an apparent paradox between the benefits of normal (moderate) and strenuous aerobic exercise.
The present study was undertaken to determine whether the ability of highly trained soldiers to withstand oxidative stress, provoked by strenuous exercise, is related to the plasma antioxidant status, and to determine also the effect of such stress on the extent of muscle injury, as monitored by leakage of large muscle proteins into the plasma.
Materials and Methods
Subjects and Study Description. The study group included 31 young healthy males (19 Ϯ 1 years old; 181 Ϯ 4 cm height; and 80 Ϯ 6 kg weight), characterized by a uniform lifestyle, balanced nutrition, and physical fitness (Vo2max ϭ 65.7 Ϯ 0.6 ml͞kg͞ min), yielding a high degree of reproducibility within the group. The subjects had been closely monitored for 2 weeks, during two marches of 50 and 80 km, which was part of a 6-month, 5 days͞week training regime.
Each participant carried a back load of 35 kg, walking at high pace on unpaved roads at sea level (10-85 m above sea level), often on deep sand. To our best knowledge, the efforts carried out by the group are more demanding than other published studies. This study was approved by the Institutional Review Board, Helsinki Committee.
Diet. Subjects consumed a daily balanced diet that provided Ϸ3,500 kcal. Otherwise, the subjects did not consume any extra antioxidants or other food additives. During the marches, water consumption was unlimited and the subjects were encouraged to drink water to ensure that no dehydration developed.
Blood Collection. Blood samples were drawn in heparinized vacutainers. Blood samples were collected at the start and immediately at the end of 50-and 80-km marches. Plasma was separated immediately and kept at Ϫ80°C until analyzed.
HPLC Analyses. Ascorbate and urate were quantified by a modification of the HPLC-electrochemical detection method as described (31, 32) .
Standards of uric acid (UA) and AA were prepared in a solution of metaphosphoric acid (MPA) (5% wt͞vol; Aldrich Chem, Metuchen, NJ) containing 0.54 mM Na 2 EDTA (BDH). All MPA solutions were freshly prepared each day. UA standards (4.6 g͞ml) were prepared from UA sodium salt and either used immediately or stored at Ϫ70°C for several weeks. Similarly, AA standards were prepared from the sodium salt in the same solution as for UA. Stock solutions were diluted with the mobile phase before injection. Sixty microliters of plasma were added to an equal volume of 10% (wt͞vol) MPA (containing Na 2 EDTA), mixed on a vortex mixer and centrifuged for 3 min to precipitate plasma proteins. The supernatant was stored at Ϫ70°C until analyzed. Total AA (AA plus dehydroascorbic acid) was determined by diluting the MPA-stabilized samples 50-fold with a mobile phase containing 3.9 mg of cysteine (Nutritional Biochemicals, Cleveland) in a 25-ml volumetric flask. The diluted sample was incubated for 5 min at 4°C. Analyses were carried out on a Spectra-Physics SP8810 liquid chromatograph connected to a Superpher 100RP-18, 5-m column 250 ϫ 4 mm (E. Merck, Darmstadt, Germany). The column was connected to a LC-4A amperometric detector (BAS, West Lafayette, IN) with a glassy-carbon working electrode and an Ag͞AgCl reference electrode. The applied potential was set at ϩ0.5V. The mobile phase consisted of 40 mM sodium acetate buffer (pH 4.75), 0.54 mM Na 2 EDTA and 1.5 mM tetrabutylammonium hydroxide (Aldrich Chemicals) as an ion-pairing agent. The separations were performed at a flow rate of 1.1 ml͞min with a back pressure of 100 torr (1 torr ϭ 133 Pa). The chromatograms were recorded on a PC-based data acquisition and processing system (Chrom-A-Set, Barspec, Israel). Freshly prepared human plasma diluted with mobile phase containing 1.0 mM cysteine produced three prominent peaks that correspond to cysteine (retension time ϭ 163 s), AA (238 s), and UA (319 s), respectively.
The sensitivity for AA and UA was 20 pg in a loop of 20 l.
Oxidative Stress by Ascorbic Acid (OSAA).
The ratio between the dehydroascorbate (DHAA) and the total ascorbate (TAA) concentrations (TAA ϭ AA ϩ DHAA) was used as a marker of OSAA (33) :
Deternination of Protein Carbonyl Content (PCC).
The carbonyl content of total plasma protein was determined spectrophotometically with 2,4-dinitrophenylhydrazine as described (34) . Absorbance was measured in a 96-well plate reader (Spectramax 384 Plus, Molecular Devices); protein was determined with the bicinchoninic acid method (Pierce, Rockford, IL).
Creatine Phosphokinase (CPK), Aspartate Transaminase (AST), Bilirubin, Creatinine, Urea, and Glucose. CPK and AST were measured by standard procedures used in clinical biochemistry laboratory.
Osmolarity. Osmolarity was monitored by a 5500 Vapor Pressure Osmometer (Wescor, Logan, UT).
Statistical Analyses. Statistical analyses within before and after each march were done by using a two-tailed paired t test, and between the basal values of the marches by using a two-tailed unpaired t test. Statistical significance was set at P Ͻ 0.05. Values are given as means Ϯ SE.
Results
A group of 31 highly homogenous group of young subjects, as described in Table 1 , was monitored for a 2-week period. This period was a part of their 6-month, strenuous, well planned, 5 days͞week training schedule. All subjects shared the same board and received the same balanced nutrition, and enjoyed an identical lifestyle. Within these 2 weeks the group had two marches of 50 and 80 km, at altitude of 10-85 m above sea level, and pack weight of 35 kg. Blood samples were collected from each participant just before the start and immediately after the completion of each march. The duration of the marches was Ϸ10 and 20 h for the first (50-km) and second (80-km) march, respectively. Twenty-nine subjects completed the first march, and only 16 (Ϸ52%) completed the second march. No significant changes in body weight or in plasma osmolarity could be detected between the start and end of each march.
Plasma antioxidant parameters, as evaluated from analysis using HPLC coupled with electrochemical detection, are summarized in Table 2 . No significant changes in the antioxidant parameters were observed during the tenure of the experiment, or between the start and end of each march. A slight tendency of an increase, which was not statistically significant, in the total concentration of AA, and the dehydro-ascorbic acid could be identified. OSAA, a bona fide parameter reflecting the plasma antioxidant status (33), also did not vary during the experiment. Plasma levels of UA increased by 25% during the 50-km march and by 37% during the 80-km march. It should be noted that plasma UA had dropped markedly between the two marches (Ϸ2 weeks), but did not reach a normal basal level before the second march (Table 2 ) and apparently represented the intense level of daily training between the marches.
The plasma levels of CPK and AST (Table 3) could serve as more direct indicators of the severity of exercise and its effect on the tissues. A dramatic rise in CPK levels (Ϸ10-fold) was observed between the start and the end levels for each march. Also, the CPK level before the first march was at least 3 times higher than the normal value among healthy population. Also, The group was on a regular training process. They were monitored before and after each of two extensive marches of 50 and 80 km for body weight and plasma osmolarity. Data are given as values Ϯ SE. Two-tailed paired t test. Data are given as values Ϯ SE. The differences between [UA] ''Before'' and ''After'' each march are significant (P Ͻ 0.0001). Other changes are nonsignificant. The differences of [UA] values between the beginning of the 80-km march and the beginning of the 50-km march are significant (P Ͻ 0.02). UA, AA, TAA (total ascorbic acid), and DHAA (dehydroascorbate) were measured by HPLC coupled with electrochemical detection, and values of the OSAA were calculated, before and after marches of 50 and 80 km, which were separated by 2 weeks. OSAA is defined as the ratio between DHAA and TAA.
like the changes in UA levels (Table 2) , CPK values did not return to their basal levels before the second march ( Table 3) .
The values of other biochemical parameters are summarized in Tables 3 and 4 . Plasma AST, an indicator for liver function, increased by Ϸ4-fold. Bilirubin, creatinine, urea, and glucose also increased significantly. Urea values at the start of the second march were significantly higher than those in the first march.
There was no correlation between UA and CPK values. A correlation coefficient of 0.888 and 0.814 was found between AST and CPK values after 50 and 80 km, respectively (Fig. 1) .
PCC was measured as an indicator of protein oxidation (35) . A significant decrease in the PCC between the start and the end of both marches was clearly observed (P Ͻ 0.001 and P Ͻ 0.04; two-tailed t test) (Fig. 1 ). Additionally, the PCC level at the start of the 80-km march was lower than that at the beginning of the 50-km march. Because only 16 subjects had finished the second march, the analysis was conducted in two modes. In the first, the PCC values at the end of the march were compared with the values of the same 16 subjects at the start of the march (paired analysis), not considering the start PCC values of those who did not complete the march. In the second mode, the average PCC value at the end of each march was compared with the average value of the entire group at the start. No difference was observed when either mode of analysis was used, including the degree of significance for the differences between the start and end PCC values.
Discussion
The experimental group was enrolled in a 6-month, 5 days͞ week, intensive physical activity program. The subjects shared a uniform lifestyle, balanced nutrition, and physical fitness. After 4 months of training, they reached a level of fitness allowing the two marches, of 50 and 80 km, as described. As far as we are able to judge, the physical effort of this group was more demanding than other reported studies. Indeed, the high levels of plasma CPK activity ref lect the intensity of the fitness program ( Table 3) .
The characteristics of experimental groups reported in the literature vary markedly from one another in their degree of intensity, duration of exercise, fitness level of the subjects, diet regimens, and degree of compliance. Thus, the validity of a comparison between the studies should be cautiously and critically handled.
Various indicators have been used for the characteriztion of the oxidative stress exerted on cells and tissues. Here we have used the levels of plasma AA, UA, OSAA, and PCC, as well as the degree of leakge of CPK and AST into the circulation.
PCC has been often used as a bona fide indicator of oxidative stress (35) . Caution should be exercised when evaluating its meaning. The turnover time for protein carbonyls is of many hours to days, unlike thiobarbituric acid reactive substances that turn over within minutes (36, 37) . Indeed, the decrease in the PCC level, during each march (Fig. 2) , might be a consequence of an activation of a mechanism that removes the oxidatively modified proteins from the circulation, or alternatively, activation of an antioxidant mechanism that removes the ROS. As the decrease in PCC during the first march was higher than that during the second march, it is tempting to speculate that the activation of the ''removal mechanism'' is stronger in the first hours of challenge. In a recent study, serum PCC level was monitored during and after coronary artery bypass operation. PCC increased during the early phase of reperfusion (2 min) and remained constant for hours. At 18 h, PCC level was markedly reduced to Ϸ50% of the value at early reperfusion (2 min to 4 h) (38) . In another animal study it was indicated that muscle PCC level was unaffected by extensive exercise or age (39, 40) .
AA is considered an effective antioxidant in biological fluids (1, 2) . AA is a reducing agent trapping a variety of free radicals, including the peroxyl radicals (41) . Furthermore, it directly Two-tailed paired t test. Data are given as values Ϯ SE. The changes of plasma CPK values between the beginning of the 50-km march and the beginning of the 80-km march are significant (P Ͻ 0.02). The plasma concentrations of CPK and AST after 50-and 80-km marches were determined. The 80-km march took place 2 weeks after the 50-km march.
Fig. 1.
Correlation between AST and CPK values. The correlation was calculated for the changes in the plasma values of AST and CPK after the 50-and 80-km marches (R 2 50 ϭ 0.888; R 2 80 ϭ 0.814). inhibits the propagation of lipid-peroxidation chain reactions in cellular membranes (42) and helps to regenerate vitamin E from the ␣-tocopheryl radical (43, 44) . It was therefore anticipated that the AA level would decline during and after the marches, as was reported in some studies (45, 46) . However, the plasma AA did not change from the start to the end of each march. Likewise, no difference was observed between the two marches, in spite the 2-week lapse between them (Table 2 ). This is in accord with other reports showing no change or even an increase in AA level (2, 23, 24, 28, 29, 42, (47) (48) (49) (50) . Other reports on intense but short-duration exercise have shown a marked decrease in AA and red blood cell glutathione levels (51) .
The ratio between the concentration of the oxidized form of AA and total ascorbic acid is a simple but informative parameter that reflects the recent oxidative history of the system, as well as its antioxidant capacity to combat future challenge. OSAA has been shown to reflect changes in the antioxidant status of human subjects (33) . No change in OSAA was recorded in our study (Table 2 ). This is in accord with other studies of the antioxidant capacity after severe exercise (46, 52) . By contrast, some other reports have demonstrated an unexpected increase in the antioxidant capacity of athletes after exercise (23, 48, 53) .
UA serves as a free radical scavenger in vivo (54, 55) . Plasma UA can trap peroxyl radicals in aqueous phase and contribute to the plasma antioxidant defense (56) . During exercise, energyrich purine phosphates are used and catabolized, resulting in accumulation of hypoxanthine, xanthine, and UA in tissues. The conversion of hypoxanthine to xanthine and UA is associated with the formation of toxic oxygen free radicals (4) . Bilirubin was shown to efficiently scavenge peroxyl radicals in vitro and to act as a metal-binding species, thus functioning as a selective antioxidant (56) .
The increase in plasma UA during each march (Table 2 ) is in accord with the proposed mechanism of enhanced catabolism of purine nucleotides. This increase, in turn, depends on the metabolic rate, and is associated with the production of free radicals (2, 4, 24, 54, 57, 58) . This process is analogous to the processes during ischemia and reperfusion (59) (Fig. 3) .
Our results are in contradiction with those of Robertson et al. (48) , where blood UA was lower in high-training runners (80-147 km͞week) than in low-training runners (16-43 km͞week) , and which was even lower than in sedentary subjects.
Morning serum urea has been suggested as a marker of the intensity of training in the previous day, in endurance athletes (60) . Indeed, urea levels at the start and the end of the marches were different, and are in accord with this suggestion (Table  4) . These results are inconsistent with those of Raastad and Hallen (61) .
Plasma CPK levels increased dramatically during each march, reaching levels 40-to 80-fold higher than the typical value for healthy sedentary subjects (Table 3 ). This result is in accord with other studies (22, 48, 50, 52, 62) . These increases presumably reflect persistent damage to the muscles, resulting in a loss of cell membrane integrity, and consequent leakage of proteins into the blood. Interorgan injurious effects are often observed after acute insult. Indeed, elevated AST levels (by 3.8-and 4.5-fold) were also observed (Table 3) , reflecting injury to liver cells. Hence, there is a possibility for direct interaction between the antioxidant status and muscle and liver injury. Such direct or secondary impact on cell function of other organs following severe exercise needs further clarification.
The lack of direct correlation between UA and CPK values may reflect the changes in UA and CPK that are initiated at different effort levels.
Collectively, the results of the present communication combined with other reported data can be integrated into a working hypothesis on the interrelationships among exercise, antioxidant status, and cell injury (Fig. 4) . We suggest that elevation of the respiration rate during the present study may have led to the generation of more ROS than the antioxidant systems can scavenge, and that the increase in muscle injury also reflects an increase in the generation Fig. 3 . Catabolism of purine nucleotides from ATP to UA. Exercise-caused stress that enhances the catabolism of ATP to hypoxanthine, by virtue of the enzyme xanthine oxidase, is further converted to UA. In the process, free radicals, including the toxic superoxide and hydroxyl radicals, are produced and cause muscle cell damage. [urea] values between the beginning of the 80-km march and the beginning of the 50-km march is significant (P Ͻ 0.008). of the ROS to levels greater than the antioxidants can handle. It is assumed that, during exercise, the level of AA, which is a charged molecule, decreased within the cells while scavenging ROS. Hence, AA did not infiltrate out from the tissue to the plasma, and no change in plasma AA level was found after the marches. At the same time, UA, bilirubin, creatinine, and urea, the catabolic products that accumulate in cells, leaked or were secreted out of the cells, and the plasma levels increased significantly. It is only during or after strenuous exercise that the integrity of the muscle cell is compromised, and allows the leakage of large molecules, CPK and AST, and allows also the leakage of charged molecules, such as AA. The amount of AA leakage into the plasma would depend on its intracellular level that had decreased as a result of combating ROS.
In summary, it is postulated that, after severe physical exercise, the exercise-associated changes in the plasma parameters, that are coupled to intracellular processes, could provide a better indication for the ability of subjects to withstand physical activity including highly strenuous exercise.
